The genetic characteristics of three populations of the tideland snail Cerithidea djadjariensis (Martin) that were recently discovered on the Pacific coast of the eastern Japan were compared with other Japanese conspecific populations of this snail on the basis of the nucleotide sequences of mitochondrial DNA. Two populations from the Pacific coast of northeastern Honshu, the Japanese mainland, showed lower genetic diversity than and no significant differentiation from populations in western Honshu and Kyushu. The foundation of these populations might be attributed to range expansion along the coast, probably due to global warming. On the other hand, the population in Tokyo Bay, which was rediscovered in 2001 on an artificial tideland, was shown to be genetically different from all other Japanese populations whose genetic structures have been analyzed. It is suggested that this population was founded by human-mediated introduction such as transportation with short-necked clams, ballast water, or hull fouling.
Introduction
Tidelands play an important role in maintaining coastal environments. However, due to rapid economic growth, most tidelands in Japan have been lost due to reclamation. Organisms in the remaining tidelands have also been affected by pollution caused by rampant development in the coastal areas. Thus, many species endemic to coastal tidelands are now endangered (Wada et al. 1996) . In addition, recent global environmental changes as well as the humanmediated introduction of foreign individuals may seriously affect native populations and coastal ecosystems (Hughes 2000 , Walther et al. 2002 , Iwasaki et al. 2004 .
Recently, new habitats of some tideland snail species that inhabit the western or southern coasts of Japan have been discovered on the Pacific coast of northeastern Japan; no distributional record of these species has been maintained. For example, in 2002, a population of the tideland snail Batillaria zonalis (Bruguiere) was discovered in Hatsutsuura Creek, Sendai Bay, Miyagi Prefecture (Kojima et al. 2005) . Populations of another snail species, i.e., Cerithidea djadjariensis (Martin), were also discovered in two sites in Matsushima Bay, Miyagi Prefecture, in 2002 and 2004; in Matsukawaura Lagoon, Fukushima Prefecture, in 2004; and in Mangokuura Lagoon, Miyagi Prefecture, in 2005 (Suzuki unpublished data) . Theses findings might be attributed to range expansion along the coast due to global warming. Another possibility is that these populations may have been founded by immigrants from foreign countries Genetic characteristics of three recently discovered populations of the tideland snail Cerithidea djadjariensis (Martin) (Mollusca, Gastropoda) from the Pacific coast of the eastern Japan that had accidentally been transported with live marine products such as the short-necked clam Ruditapes philippinarum (Adams et Reeve) (Okoshi 2004) .
Cerithidea djadjariensis, a tideland snail, is distributed in Japan, Korea, China, and Southeast Asia (Hasegawa 2000) . In the Japanese Islands, this species is treated as endangered; however, many populations have survived in the Ryukyu Islands. Analysis based on the nucleotide sequences of mitochondrial DNA showed that populations of C. djadjariensis in the Japanese Islands and the Ryukyu Islands share a single haplotype but show significant genetic differences from each other (Kojima et al. 2006) . Tokyo Bay was the northernmost habitat of C. djadjariensis; however, the population of this species in this region is thought to have become extinct during the early 1990s (Iijima et al. 2002, Furota unpublished data) . In 2001, however, a population of this species was rediscovered on an artificial tideland in Shinhamako Lagoon in the innermost part of Tokyo Bay (Iijima et al. 2002) . The following 4 possibilities for the source of this population have been proposed by Iijima et al. (2002) : (1) Larval migration from neighboring habitats; (2) long-distance larval migration; (3) transportation of larvae via ballast water; and (4) transportation of adult snails with live marine products.
In the present study, we compared the genetic characteristics of three recently discovered populations of C. djadjariensis with those of other Japanese populations of this species based on the nucleotide sequences of mitochondrial DNA in order to understand the process responsible for the foundation of these three new populations.
Materials and Methods
Twenty specimens of Cerithidea djadjariensis were collected at each of the three recently discovered habitats of this species, namely, Mangokuura Lagoon, Miyagi Prefecture; Matsukawaura Lagoon, Fukushima Prefecture; and Shinhamako Lagoon in Tokyo Bay (Figs. 1 and 2). Mangokuura Lagoon is a large creek with a depth of less than 4 m. Only small rivers discharge into this lagoon, while sea water flows into it from Ishinomaki Bay. Matsukawaura Lagoon is a shallow, long, and narrow lagoon isolated by sandbars from the open sea, which is connected with it only through a narrow channel. In both lagoons, sandy or mudsandy tidelands have developed. Shinhamako Lagoon was artificially constructed in the innermost part of Tokyo Bay in 1970. It is a bird sanctuary where unauthorized entry is forbidden. Due to its connection with Tokyo Bay, a small tideland developed in the innermost part of this lagoon in 1977. The benthic fauna in this artificial lagoon has been surveyed repeatedly since 1975 (Hasuo & Furota 2000 , Iijima et al. 2002 , and in 2001, C. djadjariensis was discovered here for the first time. In Tokyo Bay, this species has been observed only in this small tideland after 1994.
DNA was extracted from the head-foot region of each individual by grinding, digestion with sodium dodecyl sulfate, and extraction with phenol and chloroform. Then, a part of the mitochondrial gene for cytochrome c oxidase subunit I (COI) (approximately 1300 bp) was amplified by 
Fig. 2. Sampling sites of Cerithidea djadjariensis.
Closed circles and triangles denote recently discovered sites and the sites where sampling was performed in the previous study (Kojima et al. 2006) , respectively. 1, Mangokuura Lagoon, Miyagi Prefecture; 2, Matsukawaura Lagoon, Fukushima Prefecture; 3, Shinhamako Lagoon, Tokyo Bay, Chiba Prefecture; 4, Kosaniwa, Ago Bay, Mie Prefecture; 5, Kiire coast, Kagoshima Prefecture; 6, Ouragawa River, Okinawajima Island, Okinawa Prefecture; 7, Mihara, Iriomotejima Island, Okinawa Prefecture.
polymerase chain reaction (PCR) using total DNA as a template and the primers LCO1490 (5Ј-GGTCAACAAAT-CATAAAGATATTGG-3Ј) (Folmer et al. 1994 ) and COI-6 (5Ј-GGRTARTCNSWRTANCGNCGNGGYAT-3Ј) (Shimayama et al. 1990 ). The PCR conditions were as follows: incubation at 94°C for 60 s followed by 30-40 cycles of incubation at 92°C for 40 s, 50°C for 60 s, and 72°C for 90 s. GeneReleaser (BioVenture Inc., Murfreesboro, TN, USA) was used to sequester the products of cell lysis, which might inhibit the polymerase reaction. The nucleotide sequence of each amplified fragment was determined with an automated sequencer (ABI 3130; Applied Biosystems Inc., Foster City, CA, USA) using the primers LCO1490, HCO2198 (5Ј-TAAACTTCAGGGTGACCAAAAAATCA-3Ј) (Folmer et al. 1994) , COI-B (5Ј-GGATGAACNGT-NTAYCCNCC-3Ј) (Hasegawa et al. 1996) , and/or COI-6. Short sequences of the COI gene (516 bp) of 20 specimens each from Ago Bay, Mie Prefecture, and Kiire coast, Kagoshima Prefecture, were determined in the previous study (Kojima et al. 2006) ; using DNA samples from these specimens and the primers LCO1490 and HCO2198, the upper part of the COI fragments were amplified by PCR; the resultant fragments were sequenced using the same PCR primers. In addition, 2 and 7 of 20 specimens from Ouragawa River, Okinawajima Island, and Mihara, Iriomotejima Island, respectively, were believed to have the same nucleotide sequence as individuals from the Japanese Islands; the nucleotide sequences of the upper part of the COI fragments of these specimens were also determined.
The amino acid sequences of COI were deduced by reference to the modified genetic code of molluscan mitochondrial DNA (Shimayama et al. 1990 , Hoffmann et al. 1992 . The genetic diversity of each population was estimated based on two indices: gene diversity, that is, the probability that two randomly chosen haplotypes would be different (Nei 1987) , and nucleotide diversity, which was expressed by the probability that two randomly chosen homologous nucleotides would be different (Tajima 1983 , Nei 1987 .
Differences in haplotype frequency between populations were examined using the exact test of population differentiation (Raymond & Rousset 1995) with the computer program package Arlequin (Schneider et al. 2000 ). An unbiased fixation index, i.e., F ST (Weir & Cockerham 1984) , was estimated, and the significance of the indices was tested using a nonparametric permutation approach with Arlequin.
Results and Discussion
The nucleotide sequences of a part (1017 bp) of the COI gene of the 109 Cerithidea djadjariensis specimens included 11 different haplotypes (A-K, Table 1 ). No amino acid substitution was detected among these haplotypes. The haplotype composition of each population is shown in Table 1 . The nucleotide sequences reported in the present study will appear in the GSDB, DDBJ, EMBL, and NCBI nucleotide sequence databases under the accession numbers AB378322-378332.
The phylogenetic relationship between the haplotypes is shown as a genetic network in Fig. 3 . A single dominant haplotype (A) is situated in the center of the network, and other haplotypes differed from this haplotype by less than 4 nucleotide substitutions.
The genetic diversity of two populations from northeastern Japan was much lower than that of other three popula- * Haplotypes were not detected in specimens from the Japanese Islands. Table 1. tions from the Japanese Islands (Table 1) . Both the exact test of population differentiation and the test of F ST showed significant genetic differences between the population of Tokyo Bay (3) and 4 populations from the Japanese Islands (1, 2, 4, and 5) (pϽ0.01); no clear genetic differentiation was observed between the 4 populations (pϾ0.01). Individuals with haplotype B occur with a high frequency at the present sampling site in Tokyo Bay; however, this haplotype has not been detected in individuals from other Japanese habitats including those in the Ryukyu Islands (Table 1) . Individuals with haplotype A dominate populations 1, 2, 4, and 5 of the Japanese Islands and those of other haplotypes are rare. In the Ryukyu populations (6 and 7), most individuals have been classified into haplotypes that are considerably distinct from the haplotypes of the individuals on the Japanese Islands (others in Table 1 ). Genetic diversity in the populations of C. djadjariensis in its two habitats on the Pacific coast of northeastern Japan may have been lost if these populations had been founded by a few individuals that had migrated along the Pacific coast. Kojima et al. (2006) suggested that C. djadjariensis immigrated from the Ryukyu Islands to the Japanese Islands after the last glacial period. The recent phenomenon of global warming is expected to help such warm-water species extend their distribution to the north (Walther et al. 2002) .
Cerithidea djadjariensis is also distributed in the Korean Peninsula and continental China from where live shortnecked clams (Ruditapes philippinarum) are transported to Japan and imported clams are often released in the tidelands in Japan. Since R. philippinarum has been released in Mangokuura and Matsukawaura, there is a possibility that the populations of C. djadjariensis were founded by foreign as well as domestic individuals transported with clams. However, although 22 alien species have been reported in sacks of imported clams, C. djadjariensis has not yet been detected in such sacks (Okoshi 2004 (Okoshi , 2007 .
Cerithidea djadjariensis has not been observed in Tokyo Bay since 1994 (Iijima et al. 2002) ; therefore, it is interesting to determine the factors responsible for its colonization at this site. The present results suggest the following two hypotheses regarding the source of the C. djadjariensis population at this site: (1) this population could have been founded by immigrants from a foreign country; (2) it could have been introduced by a domestic population that has not been analyzed thus far and that contains a significant frequency of individuals with haplotype B. The present habitat is located in an artificial lagoon in the innermost part of Tokyo Bay. If we attribute the source of this population to larval supply from outside Tokyo Bay, the question then arises as to why no population has been founded in other tidelands in the bay. Taking into consideration that individuals of haplotype B occur only in Tokyo Bay, the first hypothesis is more likely.
In some tidelands in Tokyo Bay, transported seed clams have been released. Although such a release has not been recorded in natural tidelands around Shinhamako Lagoon for fishery purposes (Toba 2002) , adult clams have been released for shell gathering in neighboring coastal parks. There are also many international commercial ports in Tokyo Bay. In the fiscal year 2006, among the ocean-going vessels entering Tokyo Port, those from continental China, including Hong Kong, were the most frequent followed by those from Southeast Asia (Bureau of Port and Harbor Tokyo Metropolitan Government 2007) . Thus, the possibility that they were transported with ballast water or hull fouling cannot be ruled out.
The present population of Cerithidea djadjariensis in Tokyo Bay may have originated from a foreign country; if this is the case, this population might be a rare example of a conspecific population founded by the human-mediated introduction of foreign individuals after the extermination of the domestic population. A similar phenomenon has been suggested only for the common periwinkle snail Littorina littorea (Linnaeus) in the Atlantic coast of North America (Steneck & Carlton 2001) .
The present study suggests that C. djadjariensis may have colonized new habitats in Japan as a result of human activities. Foreign and/or domestically-introduced species may disturb native ecosystems and lower the biodiversity and function of tidelands. In particular, it is difficult to distinguish between populations of this species introduced from foreign countries and native populations due to few morphological differences between these populations. The present study reports that such an introduction may have already occurred. Thus, it is necessary to monitor changes in the geographical distribution and genetic structure of such species over a long period.
